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Disease‐modifying therapies (DMTs) for multiple sclerosis (MS) introduced over the past 2 decades have led to improved outcomes over the short term; however, whether the long‐term prognosis has changed is not known. Natural history studies from the pretreatment era suggest that between one‐third and one‐half of patients will experience an insidious worsening (progression) of neurological disability approximately 15 years after onset.[1](#ana24747-bib-0001){ref-type="ref"}, [2](#ana24747-bib-0002){ref-type="ref"}, [3](#ana24747-bib-0003){ref-type="ref"}, [4](#ana24747-bib-0004){ref-type="ref"}, [5](#ana24747-bib-0005){ref-type="ref"} Although MS relapses may produce permanent neurological impairments,[6](#ana24747-bib-0006){ref-type="ref"} severe disability generally occurs in patients with progressive forms of MS (PMS) that typically develop either after an earlier relapsing phase (ie, secondary progressive MS \[SPMS\]) or less commonly from disease onset (ie, primary progressive MS \[PPMS\]).[7](#ana24747-bib-0007){ref-type="ref"}

Because the goal of therapy in MS is to prevent or postpone long‐term disability, short‐term outcomes that are commonly used in both daily practice and in clinical trials require validation in prospective observational studies as surrogates for long‐term disability. Magnetic resonance imaging (MRI) sequences that visualize and quantify focal inflammation and white matter scarring associated with relapsing--remitting MS (RRMS) are highly sensitive markers for clinical events,[8](#ana24747-bib-0008){ref-type="ref"} and quantitation of brain atrophy has shown promise for monitoring the neurodegeneration associated with PMS.[9](#ana24747-bib-0009){ref-type="ref"} However, the relationship between short‐term MRI measurements and long‐term disability is not well established.

The EPIC (expression/genomics, proteomics, imaging, and clinical) study comprises a single‐center prospective observational cohort of MS patients who have been evaluated annually since July 2004. In this report, we characterize the long‐term disease course in this contemporary, actively treated MS cohort. We also assess whether clinical and radiologic features at baseline and their change over 2 years, measures commonly used as outcomes in randomized clinical trials, have predictive value for long‐term MS disability.

Patients and Methods {#ana24747-sec-0006}
====================

Subject Enrollment and Retention {#ana24747-sec-0007}
--------------------------------

Patients (age = 18--65 years) evaluated at the Multiple Sclerosis Center at the University of California, San Francisco (UCSF) between July 2004 and September 2005 were invited to participate. Ambulatory subjects and those with a recent onset of clinically definite MS (2001 International Panel Diagnostic Criteria)[10](#ana24747-bib-0010){ref-type="ref"} or clinically isolated syndrome (CIS) were preferentially recruited, although individuals with all clinical subtypes of the disease participated. CIS was defined as an initial clinical demyelinating event with findings on brain MRI consistent with MS.[8](#ana24747-bib-0008){ref-type="ref"} Subjects were excluded if they were unable to tolerate MRI scans, had poor venous access, or had other significant medical illnesses that might interfere with the goals of the study. Enrollment of subjects who had experienced a clinical relapse or received treatment with glucocorticoids within the previous month was delayed by 30 days so that the baseline MRI scans were not reflective of recent disease activity or influenced by glucocorticoid use. The use of DMTs for MS was permitted. To simplify the analysis, we grouped together patients with CIS and RRMS as a single group (RMS). During the course of the study, diagnostic criteria for MS evolved so that many patients initially designated as CIS would now be classified as MS.[11](#ana24747-bib-0011){ref-type="ref"} Similarly, we grouped subjects with PPMS and SPMS together in a single category of PMS, reflecting the potential common histopathologic and genetic basis for these subtypes.[12](#ana24747-bib-0012){ref-type="ref"}, [13](#ana24747-bib-0013){ref-type="ref"} At baseline, a comprehensive neurological assessment with brain MRI and blood sample acquisition for biomarkers and genomics was performed.[14](#ana24747-bib-0014){ref-type="ref"}, [15](#ana24747-bib-0015){ref-type="ref"} Thereafter, subjects were followed annually for 5 years, and underwent re‐evaluation at extended time points up to 10 years after baseline. Annual study visits occurred within a ±3‐month window. The Committee on Human Research at UCSF approved the protocol, and informed consent was obtained from all participants.

Clinical Assessments {#ana24747-sec-0008}
--------------------

Disability progression was defined by clinically significant worsening in the Expanded Disability Status Scale (EDSS), the timed 25‐foot walk (T25W), the 9‐hole peg test (9HPT), and the paced serial auditory addition test (PASAT‐3).[15](#ana24747-bib-0015){ref-type="ref"}, [16](#ana24747-bib-0016){ref-type="ref"} A clinically significant change in EDSS was defined according to the baseline EDSS score. To reduce the inherent noise for transitions between EDSS scores of 0 and 1.0, a 1.5‐point or greater increase in the EDSS score was required for subjects with a baseline EDSS score of 0, a 1.0‐point or greater increase for scores between 1.0 to 5.0, and a 0.5‐point or greater increase for scores greater than 5.0.[17](#ana24747-bib-0017){ref-type="ref"}

A 20% increase or greater in the T25W[18](#ana24747-bib-0018){ref-type="ref"} and 9HPT[19](#ana24747-bib-0019){ref-type="ref"} were considered to be clinically significant. The reliable change index was used for determining clinically significant worsening in PASAT‐3 scores.[20](#ana24747-bib-0020){ref-type="ref"} Although these outcomes are normally distributed, we chose to model their worsening based on the more stringent thresholds for clinically impactful worsening. A combined metric of any clinically significant change on the T25W, the 9HPT, or the PASAT‐3 was also used. SPMS was defined by development of irreversible worsening of MS disability (increase in EDSS over at least a 1‐year duration) independent of relapses in the subgroup of patients with RMS.[21](#ana24747-bib-0021){ref-type="ref"} To control for possible transient worsening of disability, we also confirmed worsening of disability outcomes at year 5 that persisted to the most recent follow‐up visit.

DMTs {#ana24747-sec-0009}
----

Subjects were treated with US Food and Drug Administration (FDA)‐approved therapies. In some cases, off‐label therapies were also used. To reduce the complexity of treatment data, we defined 2 treatment tiers, grouping therapies together based on their relative perceived effectiveness using data from clinical trials.

The first tier was referred to as \"platform therapy\" that included: interferon (IFN) beta‐1b, IFN beta‐1a intramuscularly, IFN beta‐1a 3 times per week, and glatiramer acetate. Also included in this group were several off‐label therapies: monthly pulsed dose glucocorticoids, azathioprine, and mycophenolate mofetil, which were used in a few study subjects despite these agents being of unproven benefit.[22](#ana24747-bib-0022){ref-type="ref"}, [23](#ana24747-bib-0023){ref-type="ref"}, [24](#ana24747-bib-0024){ref-type="ref"} A noninferiority clinical trial showed that azathioprine had comparable efficacy to IFN therapy.[22](#ana24747-bib-0022){ref-type="ref"} There are fewer available efficacy data for mycophenolate mofetil; however, we estimated the impact of this antimetabolite based on open‐label observations[23](#ana24747-bib-0023){ref-type="ref"} as well as that of teriflunomide, which has a related mechanism of action, and is an FDA‐approved MS therapy with efficacy similar to that of IFN beta‐1a.[25](#ana24747-bib-0025){ref-type="ref"}

The second tier was referred to as \"high‐potency therapy\" and included natalizumab, rituximab, mitoxantrone, and cyclophosphamide. Limited comparative data suggest that these treatments are more efficacious than platform therapies.[26](#ana24747-bib-0026){ref-type="ref"}, [27](#ana24747-bib-0027){ref-type="ref"}, [28](#ana24747-bib-0028){ref-type="ref"}, [29](#ana24747-bib-0029){ref-type="ref"} \"Therapeutic escalation\" was defined as changing treatment between baseline and the year 2 follow‐up point, either from no treatment to platform therapy or from platform therapy to high‐potency therapy; patients whose treatment was escalated during year 3 based on the year 2 data were also included in this group. Because fingolimod, dimethyl fumarate, and teriflunomide only became available in the past few years, these therapies did not contribute to the analysis of therapeutic escalation over the first 2 years of the study.

Brain MRI Scans {#ana24747-sec-0010}
---------------

Annual brain MRI scans were acquired on the same 3T GE scanner (GE Medical Systems, Milwaukee, WI) with standardized head positioning and pulse sequences that included: high‐resolution T1‐weighted volume (inversion recovery spoiled gradient‐echo, repetition time \[TR\]/echo time \[TE\]/inversion time \[TI\] = 7/2/400 milliseconds, flip angle = 8°, resolution = 0.94 × 0.94 × 1mm) with and without gadolinium--diethylenetriamine pentaacetic acid (DPTA); and T2‐weighted volume (fast‐recovery fast spin‐echo \[FRFSE\], TR/TE = 2,000/81 milliseconds, resolution = 0.47 × 0.47 × 3mm). Proton density--weighted images were acquired from baseline to year 4 (FRFSE, TR/TE = 2,000/20 milliseconds, resolution = 0.47 × 0.47 × 3mm), and fluid‐attenuated inversion recovery images (fast spin‐echo, TR/TE/TI = 9,000/126/2,200 milliseconds, resolution = 0.47 × 0.47 × 3mm) were acquired thereafter. The T2‐ and T1‐weighted images were used to determine MS lesion borders using semiautomated lesion segmentation software (Amira \[FEI, Hillsboro, OR\] and Lesion Segmentation Toolbox \[Structural Brain Mapping Group, Jena, Germany\]). Lesion masks for each time point were created. The lesion masks were then used to subtract MRI lesions from the T1‐acquired images. The masked T1‐weighted images were used to segment gray matter and white matter structures for volumetric analyses (FreeSurfer). The MS lesion masks were also used to determine the T2 lesion volume (the radiologic burden of disease). Gadolinium‐DPTA was administered for the T1 plus contrast‐enhanced scans, and a neuroradiologist determined the number of gadolinium‐enhanced lesions and interpreted all MRI scans to insure safety.

Composite Predictors {#ana24747-sec-0011}
--------------------

The composite predictor, no evidence of disease activity (NEDA), was defined as no relapses, no clinically significant increase in EDSS, no new or enlarging T2 lesions, and no gadolinium‐enhanced lesions on brain MRI examinations from baseline through the second year of the study. This measure is similar to that used to assess therapeutic efficacy in randomized controlled trials; however, several features are notably different.[30](#ana24747-bib-0030){ref-type="ref"} First, as described above, a clinically significant change in the EDSS was defined to limit inherent noise in the EDSS. In addition, once the change in EDSS had occurred, it had to be maintained throughout the remainder of the 2‐year evaluation period (in contrast to the 3‐ or 6‐month sustained changes that are used in most clinical trials). Lastly, patient‐reported relapses were included.[31](#ana24747-bib-0031){ref-type="ref"}

Laboratory Studies {#ana24747-sec-0012}
------------------

Blood samples were banked for biomarker studies at each visit. DNA from peripheral blood mononuclear cells was used for genome‐wide association studies and for high‐resolution sequence‐based typing of the *HLA‐DRB1* gene.[12](#ana24747-bib-0012){ref-type="ref"} The MS genetic burden was determined using single nucleotide polymorphisms from 88 validated MS susceptibility loci as previously described.[32](#ana24747-bib-0032){ref-type="ref"} Vitamin D levels were assessed in batch from stored samples using the DiaSorin LIAISON total 25‐OH vitamin D chemiluminescence assay (Heartland Assays, Ames, IA). 25‐OH vitamin D levels assessed at baseline, year 1, and year 2 were deseasonalized[33](#ana24747-bib-0033){ref-type="ref"} and averaged to determine the mean 25‐OH vitamin D during the first 2 years of the study.

Statistics {#ana24747-sec-0013}
----------

All statistical analyses were computed using code written in R ([r-project.org](http://r-project.org)). Survival analysis was used to generate Kaplan--Meier estimates for time to EDSS = 6 and SPMS in the subgroup of patients meeting criteria for clinically definite MS (CDMS).[34](#ana24747-bib-0034){ref-type="ref"} Logistic regression was used to determine whether baseline clinical, radiologic, and genetic features of this cohort correlated with long‐term disability, and to model clinical and MRI changes from baseline to year 2 and escalation therapy as predictor variables for long‐term disability outcomes. To maintain homogeneity of cohort time for the logistic regression analysis, subjects without year 10 follow‐up visits were removed. Propensity scores for treatment at baseline were developed using the following clinical and MRI variables: gender, age of onset, baseline disease duration, baseline EDSS, prestudy annualized relapse rate, prestudy medication possession ratio (the proportion of time of treatment with a DMT from clinical onset to baseline), baseline T2 lesion volume (T2LV), and baseline brain volume. The MRI variables of T2LV and brain volume loss were used as a proxy for imaging severity that neurologists might have evaluated prior to study entry. In contrast, the number of gadolinium‐DPTA lesions at the baseline scan would not be known prior to enrollment and therefore was not included in the propensity score. A propensity score for the baseline treatment tier was included as a covariate for all analyses that assessed the impact of baseline to year 2 predictors on long‐term outcomes. A multivariate analysis was also developed using variables selected for by lasso (least absolute shrinkage and selection operator, an L1‐constrained shrinkage and selection method) and cross‐validation. Cross‐validation was performed 50 times, and the variables selected for at least 45 times were included. Thus, our models adjusted for both baseline treatment and therapeutic escalation. Scores were computed separately on RMS and PMS patients (stratification by clinical course).

Results {#ana24747-sec-0014}
=======

Demographic Characteristics {#ana24747-sec-0015}
---------------------------

A total of 517 subjects were enrolled: 366 had RMS, 48 SPMS, 21 PPMS, and 82 CIS (Supplementary Table 1). A total of 489 subjects completed year 2, and year 10 follow‐up data were available on 471 of 517 subjects (91%). Of those patients with long‐term follow‐up, the median time in the cohort was 9.8 years since enrollment (9.9 years excluding subjects who died) and was 16.8 years since disease onset. The baseline characteristics of subjects for whom a recent clinical evaluation was available are summarized in Table [1](#ana24747-tbl-0001){ref-type="table-wrap"} (n = 471), including individuals with RMS (n = 407) and PMS (n = 64). Data for the entire cohort are summarized in Supplementary Table 1. The baseline characteristics of subjects who were retained in the study compared to those lost to follow‐up were generally similar; the annualized relapse rate was slightly higher and disease duration was somewhat shorter in the lost to follow‐up group (Supplementary Tables 2--4). More than half of the cohort (246 patients \[52%\]) had a low EDSS (0--1.5) at baseline. The EDSS score distribution was bimodal, with RMS patients having lower EDSS scores than PMS patients. Baseline characteristics of RMS subjects including gender, disease duration, age of onset, and EDSS were not significantly different from RMS patients who received care at UCSF during the same time period but did not participate in the study (Supplementary Table 5).

###### 

Baseline Clinical and MRI Features of Subjects Completing Long‐Term Follow‐up

  Characteristic                                                   All, n = 471                  RMS, n = 407                  PMS, n = 64                   *p*
  ---------------------------------------------------------------- ----------------------------- ----------------------------- ----------------------------- ----------
  Demographic                                                                                                                                                
  Age at exam, mean ± SD                                           42.7 ± 9.9                    41.7 ± 9.7                    48.6 ± 8.7                    1.22e‐07
  Sex, No. (%)                                                                                                                                               
  Women                                                            318 (67.5)                    280 (68.8)                    38 (59.4)                     0.151
  Men                                                              153 (32.5)                    127 (31.2)                    26 (40.6)                     0.151
  Years of follow‐up, MIR[a](#ana24747-note-0002){ref-type="fn"}   9.8 \[8.6, 10.2\] {1--11.5}   9.9 \[8.6, 10.2\] {1--11.5}   9.3 \[8.6, 10.2\] {1--11.2}   0.051
  Clinical                                                                                                                                                   
  Age of onset, mean ± SD                                          33.3 ± 9.3                    33.4 ± 9.2                    32.6 ± 10.2                   0.548
  Disease duration, MIR                                            7 \[2, 13.5\] {0--46}         6 \[2, 12\] {0--46}           15 \[7, 22.2\] {1--45}        3.53e‐10
  Disease course, No. (%)                                                                                                                                    
  CIS                                                              70 (14.9)                     70 (17.2)                                                   
  RR                                                               337 (71.5)                    337 (82.8)                                                  
  SP                                                               45 (9.6)                                                    45 (70.3)                     
  PP                                                               19 (4)                                                      19 (29.7)                     
  EDSS score, MIR                                                  1.5 \[1, 3\] {0--7}           1.5 \[1, 2\] {0--6.5}         4.5 \[3.5, 6\] {1.5--7}       9.19e‐28
  MSSS, MIR                                                        2.4 \[0.9, 4.3\] {0--9.8}     2.1 \[0.7, 3.7\] {0--9.5}     5.2 \[3.4, 7.2\] {0.8--9.8}   9.43e‐15
  Relapse history                                                                                                                                            
  Annualized relapse rate, MIR                                     0.5 \[0.2, 1\] {0--7.3}       0.5 \[0.3, 1.1\] {0--7.3}     0.2 \[0.1, 0.4\] {0--1.1}     4.9e‐09
  Vitamin D level, ng/ml, mean ± SD                                24.4 ± 8.8                    24.4 ± 8.7                    24.1 ± 9.5                    0.808
  Treatment                                                                                                                                                  
  Treatment history, No. (%)                                                                                                                                 
  No treatment                                                     183 (38.9)                    155 (38.1)                    28 (43.8)                     0.41
  Platform therapy                                                 281 (59.7)                    247 (60.7)                    34 (53.1)                     0.274
  High potency                                                     7 (1.5)                       5 (1.2)                       2 (3.1)                       0.244
  Years to first treatment from diagnosis, MIR                     3.1 \[0.8, 8.7\] {0--43.9}    2.8 \[0.7, 7.6\] {0--43.9}    6.4 \[3.3, 13.6\] {0--36.4}   3.86e‐05
  Medication possession ratio, prestudy, MIR                       0.2 \[0, 0.6\] {0--1}         0.2 \[0, 0.6\] {0--1}         0.3 \[0, 0.5\] {0--0.9}       0.979
  MRI                                                                                                                                                        
  T2 lesion volume, ml, MIR                                        2.7 \[0.8, 6.8\] {0--103.9}   2.4 \[0.7, 5.7\] {0--103.9}   7 \[2.1, 12\] {0--71.7}       1.42e‐05
  Number of gad enhancing lesions, MIR                             0 \[0, 0\] {0--10}            0 \[0, 0\] {0--9}             0 \[0, 0\] {0--10}            0.561
  Total brain volume, ml, mean ± SD                                1,460.1 ± 87.7                1,470.1 ± 83                  1,396.2 ± 90.7                4.02e‐08
  Gray matter volume, ml, mean ± SD                                790.8 ± 58.9                  797.5 ± 56.5                  748 ± 56                      5.14e‐09
  White matter volume, ml, mean ± SD                               669.3 ± 42.5                  672.6 ± 41                    648.2 ± 45.9                  1.49e‐04
  Ventricular CSF volume, ml, MIR                                  41 \[30, 55\] {10--172}       39 \[29.5, 51\] {10--172}     55 \[39, 71\] {15--134}       1.43e‐07
  Cortical gray matter volume, ml, mean ± SD                       626.6 ± 48.4                  632.2 ± 46.3                  591 ± 46.3                    4.15e‐09

Subjects completing long‐term follow‐up include subjects with a year 10 visit and deceased subjects. 25‐OH vitamin D levels are deseasonalized. Probability values compare RMS and PMS subjects. For normally distributed data, mean and SD are shown and Student *t* test was used. For data that are not normally distributed, median, interquartile, and range are shown and a Wilcoxon test was used. For qualitative data, counts and percentages are shown and Fisher exact test was used.

These ranges include deceased subjects. MIR = median \[IQR\] {range}.

CIS = clinically isolated syndrome; CSF = cerebrospinal fluid; EDSS = Expanded Disability Status Scale; MRI = magnetic resonance imaging; MSSS = Multiple Sclerosis Severity Score; PMS = progressive multiple sclerosis; PP = primary progressive; RMS = CIS and RRMS as a single group; RR = relapsing--remitting; SD = standard deviation; SP = secondary progressive.

Clinical Outcomes {#ana24747-sec-0016}
-----------------

Over the 10 years of follow‐up, 225 (55.3%) RMS patients experienced a clinically significant increase in the EDSS score (Fig [1](#ana24747-fig-0001){ref-type="fig"}A and Supplementary Table 6). Clinically significant worsening in the T25W, 9HPT, and PASAT‐3 occurred less commonly for each of these individual outcomes than change in the EDSS.

![Increase in Expanded Disability Status Scale (EDSS) at last visit by baseline EDSS score. For the subjects who died of multiple sclerosis (MS), an EDSS score of 10 was assigned. For subjects who became disabled due to non‐MS causes, the last EDSS score was carried forward. There is 1 patient with a visit at year 10 for whom an EDSS score is missing. For the 8 subjects who died due to non‐MS causes, year 10 EDSS scores were not available. The width of the bar represents the proportion of subjects in the cohort with each baseline EDSS score. The height of the black and gray bars represents the relative proportion of subjects with worse scores (black) versus stable or improved scores (gray). PMS = progressive MS; RMS = clinically isolated syndrome and relapsing--remitting multiple sclerosis as a single group.](ANA-80-499-g001){#ana24747-fig-0001}

RMS subjects at all levels of baseline EDSS score exhibited a roughly equivalent risk for clinically significant worsening during the subsequent 10 years (see Fig [1](#ana24747-fig-0001){ref-type="fig"}A). In contrast, for PMS subjects worsening occurred for \>75% of subjects, and for 100% of those with baseline EDSS scores \< 3 (see Fig [1](#ana24747-fig-0001){ref-type="fig"}B and Supplementary Tables 6 and 7). During the study period, 46 of the 407 patients (10.1%) with RMS at baseline transitioned to SPMS. Female sex was modestly associated with a lower risk of developing SPMS (odds ratio \[OR\] = 0.61, 95% confidence interval \[CI\] = 0.40--0.94, *p* = 0.02). A later age of onset of MS was also associated with an increased risk of developing SPMS (OR = 1.04, 95% CI = 1.02--1.07, *p* = 0.001 for each 10‐year increase in the age of onset). At a median time of 16.8 years after disease onset, 10.7% (95% CI = 7.2--14%) of patients reached an EDSS ≥ 6 and 18.1% (95% CI = 13.5--22.5%) evolved from RMS to SPMS. We estimated that only 4.7% (95% CI = 2.6--6.8%) of relapse‐onset patients reached an EDSS ≥ 6 at 10 years after disease onset and 16.2% (95% CI = 11.5--20.7%) after 20 years (Fig [2](#ana24747-fig-0002){ref-type="fig"}A). The risk of transition to SPMS was 6.4% (95% CI = 4--8.8%) 10 years after onset and 24.2% after 20 years (95% CI = 18.5--29.6%; see Fig [2](#ana24747-fig-0002){ref-type="fig"}B).

![Kaplan--Meier curves for time to Expanded Disability Status Scale (EDSS) = 6 and time to transition to secondary progressive multiple sclerosis (SPMS) for clinically isolated syndrome (CIS), relapsing--remitting, and secondary progressive subjects with long‐term follow‐up who met criteria for clinically definite MS either at baseline or during the study (n = 406). Kaplan--Meier survival curves for time to EDSS = 6 (ambulatory impairment requiring a cane to walk 100m) and time to onset of secondary progressive MS (insidious deterioration of neurological function that is not relapse related) are shown. Disease duration in years is graphed on the x‐axis and the percentage of the cohort at each time point that has not met the failure events is depicted on the y‐axis. For this analysis, subjects in our cohort were limited to those meeting criteria for clinically definite MS.[34](#ana24747-bib-0034){ref-type="ref"} Subjects who had 1 relapse and who met International Panel criteria for dissemination over time by magnetic resonance imaging criteria at baseline (n = 19) but did not experience further clinical events over the course of follow‐up were excluded (n = 10). Similarly, CIS subjects who did not experience further clinical relapses or disease progression (n = 48) were excluded. If subjects had already met the endpoint at the time of entry into the study (ie, subjects with EDSS = 6 or subjects with SPMS at baseline), time to EDSS = 6 or time to SPMS was obtained through systematic review of medical records and a standardized questionnaire administered to all subjects at study entry. CI = confidence interval.](ANA-80-499-g002){#ana24747-fig-0002}

Clinical and Radiologic Predictors of Disability Progression {#ana24747-sec-0017}
------------------------------------------------------------

Associations between baseline characteristics, treatment escalation, and other variables on the development of long‐term disability are presented in Tables [2](#ana24747-tbl-0002){ref-type="table-wrap"} and [3](#ana24747-tbl-0003){ref-type="table-wrap"}. The baseline to year 2 predictor analyses are presented with and without propensity score adjustment in Supplementary Tables 8 and 9. The great majority of RMS patients (n = 334; 82.1%) experienced clinical and/or MRI disease activity during the first 2 years of the study (Supplementary Tables 10 and 11). Only 73 RMS patients (17.9%) satisfied combined clinical and radiologic criteria of NEDA. NEDA at year 2 was not associated with statistically significant EDSS outcomes at year 10 and, contrary to expectations, the NEDA group showed a trend toward more, rather than less, worsening in EDSS score over the long term (OR = 1.42, *p* = 0.189; see Supplementary Tables 8 and 9).

###### 

Univariate Analysis of Clinical Outcomes from Baseline to Last Visit: All RMS Subjects with Long‐Term Follow‐up, n = 407

  Response          Predictor                                  RMS Subjects                
  ----------------- ------------------------------------------ -------------- ------------ ----------
  EDSS worsening    Baseline ARR                               0.75           0.6, 0.93    0.011
                    Baseline EDSS                              0.76           0.64, 0.89   9.5e‐04
                    Baseline white matter volume, dl           0.54           0.33, 0.88   0.015
  PASAT worsening   Baseline EDSS                              1.38           1.04, 1.81   0.021
                    Baseline brain volume, dl                  0.5            0.32, 0.77   0.002
                    Baseline gray matter volume, dl            0.43           0.22, 0.85   0.016
                    Baseline white matter volume, dl           0.25           0.1, 0.63    0.003
                    Baseline cortical gray matter volume, dl   0.39           0.17, 0.89   0.027
                    Baseline gadolinium lesion count           1.31           0.98, 1.7    0.045
  T25W worsening    Baseline age at exam                       1.04           1.01, 1.06   0.01
                    Baseline EDSS                              1.64           1.33, 2.03   4e‐06
                    Baseline disease duration                  1.04           1.02, 1.07   0.002
                    Baseline T25W                              1.3            1.07, 1.61   0.014
                    Baseline 9HPT                              1.11           1.05, 1.17   1.84e‐04
                    Baseline brain volume, dl                  0.62           0.45, 0.84   0.003
                    Baseline gray matter volume, dl            0.49           0.3, 0.79    0.004
                    Baseline white matter volume, dl           0.51           0.27, 0.95   0.036
                    Baseline cortical gray matter volume, dl   0.4            0.22, 0.7    0.002
                    Baseline CSF fluid volume, dl              4.68           1.3, 17.27   0.018
  9HPT worsening    Baseline EDSS                              1.43           1.12, 1.83   0.004
                    Baseline gray matter volume, dl            0.53           0.29, 0.97   0.043
                    Baseline cortical gray matter volume, dl   0.4            0.19, 0.84   0.017

Univariate regression on 4 clinical outcomes for RMS subjects: EDSS worsening from baseline to year 10, PASAT worsening from baseline to year 10, T25W worsening from baseline to year 10, and 9HPT worsening from baseline to year 10. Predictors were tested for each of these outcomes. The predictors tested include gender, age of multiple sclerosis onset, baseline age at examination, baseline ARR, medication possession ratio from disease onset to baseline, baseline EDSS score, baseline disease duration, baseline PASAT score, baseline T25W, baseline 9HPT, baseline brain volume, baseline gray matter volume, baseline white matter volume, baseline cortical gray matter volume, baseline CSF volume, baseline T2 lesion volume, and baseline gadolinium‐enhanced lesion count. Associations with probability values \< 0.05 are shown.

9HPT = 9‐hole peg test; ARR = annualized relapse rate; CI = confidence interval; CSF = cerebrospinal fluid; EDSS = Expanded Disability Status Scale; OR = odds ratio; PASAT = paced serial auditory addition test; RMS = clinically isolated syndrome and relapsing--remitting multiple sclerosis as a single group; T25W = 25‐foot walk.

###### 

Univariate Analysis of Clinical Outcomes from Baseline to Last Visit: Subjects with Long‐Term Follow‐up Excluding Clinically and Radiographically Stable CIS Subjects, n = 391

  Response          Predictor                                  RMS Subjects                 
  ----------------- ------------------------------------------ -------------- ------------- ----------
  EDSS worsening    Baseline ARR                               0.75           0.6, 0.94     0.013
                    Baseline EDSS                              0.76           0.64, 0.89    0.001
                    Baseline white matter volume, dl           0.58           0.34, 0.97    0.038
  PASAT worsening   Baseline EDSS                              1.34           1.01, 1.77    0.037
                    Baseline brain volume, dl                  0.52           0.32, 0.81    0.005
                    Baseline gray matter volume, dl            0.49           0.24, 0.97    0.044
                    Baseline white matter volume, dl           0.23           0.09, 0.6     0.003
                    Baseline gadolinium lesion count           1.32           0.99, 1.72    0.039
  T25W worsening    Baseline age at exam                       1.04           1.01, 1.07    0.01
                    Baseline EDSS                              1.65           1.34, 2.05    3.99e‐06
                    Baseline disease duration                  1.04           1.02, 1.07    0.002
                    Baseline T25W                              1.3            1.07, 1.62    0.015
                    Baseline 9HPT                              1.11           1.05, 1.18    1.43e‐04
                    Baseline brain volume, dl                  0.64           0.46, 0.88    0.006
                    Baseline white matter volume, dl           0.51           0.31, 0.82    0.006
                    Baseline cortical gray matter volume, dl   0.41           0.22, 0.73    0.003
                    Baseline CSF fluid volume, dl              5              1.37, 18.75   0.015
  9HPT worsening    Baseline EDSS                              1.45           1.13, 1.87    0.004
                    Baseline cortical gray matter volume, dl   0.45           0.2, 0.94     0.037

Univariate regression on 4 clinical outcomes for RMS subjects: EDSS worsening from baseline to year 10, PASAT worsening from baseline to year 10, T25W worsening from baseline to year 10, and 9HPT worsening from baseline to year 10. Predictors were tested for each of these outcomes. The predictors tested include gender, age of multiple sclerosis onset, baseline age at examination, baseline ARR, medication possession ratio from disease onset to baseline, baseline EDSS score, baseline disease duration, baseline PASAT score, baseline T25W, baseline 9HPT, baseline brain volume, baseline gray matter volume, baseline white matter volume, baseline cortical gray matter volume, baseline CSF volume, baseline T2 lesion volume, and baseline gadolinium‐enhanced lesion count. Associations with probability values \< 0.05 are shown.

9HPT = 9‐hole peg test; ARR = annualized relapse rate; CI = confidence interval; CIS = clinically isolated syndrome; CSF = cerebrospinal fluid; EDSS = Expanded Disability Status Scale; OR = odds ratio; PASAT = paced serial auditory addition test; RMS = clinically isolated syndrome and relapsing--remitting multiple sclerosis as a single group; T25W = 25‐foot walk.

We also determined whether disease activity over a 2‐year period measured solely by radiologic criteria had effects on 10‐year outcomes. The development of new or enlarging T2 lesions from baseline to year 2 was not associated with subsequent clinical worsening as measured by EDSS, T25W, 9HPT, or PASAT‐3. Importantly, this was also true in the subgroup of RMS patients (n = 67) who were clinically inactive but had had new or enlarging T2 lesions during years 0 to 2 (EDSS OR = 1.55, 95% CI = 0.91--2.65, *p* = 0.104). Thus, we were unable to identify any consequential effect of early MRI disease activity on 10‐year clinical outcomes.

In terms of clinical variables, an increase in EDSS during years 0 to 2 was paradoxically associated with a lower, rather than a higher, risk of subsequent worsening (*p* = 2.62 × 10^−5^; see Supplementary Tables 8 and 9). This association was accounted for in part by prolonged recovery from relapses (n = 49, OR = 0.355) and, possibly, a response to treatment escalation (n = 6, OR = 0.532). For relapsing patients who developed SPMS, worsening during years 0 to 2 was associated, as expected, with further worsening (n = 16, OR = 2.59). Therefore, at least in this data set, understanding changes in EDSS scores as a predictor of long‐term further worsening required contextualizing these changes with respect to relapses and disease course.

Serum levels of 25‐OH vitamin D were associated with risk of focal disease activity (Supplementary Table 12)[35](#ana24747-bib-0035){ref-type="ref"}, [36](#ana24747-bib-0036){ref-type="ref"}; however, the average 25‐OH vitamin D levels over the first 2 years of observation had no association with long‐term disability outcomes (see Supplementary Tables 8 and 9).[37](#ana24747-bib-0037){ref-type="ref"} These results are consistent with the clinical and radiologic findings indicating that disease activity during years 0 to 2 did not measurably impact clinical outcomes at year 10.

Influence of CIS Subjects {#ana24747-sec-0018}
-------------------------

Because we grouped CIS together with RRMS subjects, it is possible that at least some of the CIS subjects did not have MS and therefore could bias the cohort toward benign disease. Of the 82 CIS subjects, 34 experienced a second clinical attack or developed SPMS. An additional 22 subjects developed new MRI lesions and fulfilled International Panel criteria for radiographic dissemination over time.[11](#ana24747-bib-0011){ref-type="ref"} Ten CIS subjects were lost to follow‐up and did not contribute to the long‐term outcome data. Sixteen CIS subjects did not experience clinical or radiographic dissemination over time. We performed a sensitivity analysis that excluded these 16 stable CIS subjects (with and without propensity score adjustment in Supplementary Tables 13 and 14) and concluded that our observations were not biased by including CIS subjects.

Potential Impact of Informative Censoring {#ana24747-sec-0019}
-----------------------------------------

The lost to follow‐up RMS patients had a shorter disease duration, higher Multiple Sclerosis Severity Score (MSSS) scores, and a slightly higher annualized relapse rate (see Supplementary Table 3). These factors might contribute to disease worsening, resulting in informative censoring, thereby slightly biasing the retained cohort to have milder disease. Twelve subjects (9 RMS and 3 PMS) experienced worsening in function postbaseline but did not complete a year 10 visit. Because excluding these subjects might bias the cohort in favor of a more benign prognosis, we reanalyzed the data set under the assumption that these subjects experienced sustained worsening at year 10 (see Supplementary Tables 7, 9, 11, and 14). Excluding these subjects did not influence our conclusions, with the exception of reducing the potential impact of baseline to year 2 changes in gray and white matter volumes on 9HPT worsening. We also performed additional sensitivity analyses assuming that the relapsing subjects who were lost to follow‐up, and had EDSS scores \< 6 at the time of their last documented visit, worsened such that at the next hypothetical visit all these subjects reached EDSS = 6. This worst‐case scenario resulted in a change in the median time to EDSS = 6 of only 2 years (from 37 years to 35 years, log‐rank test, *p* = 0.036). A similar sensitivity analysis was performed for SPMS, revealing that the median time to SPMS was decreased from 35 years to 34 years (log‐rank test, *p* = not significant).

Effect of Treatment Escalation {#ana24747-sec-0020}
------------------------------

Subjects who experienced treatment escalation were more likely to have had clinical relapses in the prior year (OR = 1.9, 95% CI = 1.03--3.56, *p* = 0.04) and to have experienced brain parenchymal volume loss (OR = 2.63, 95% CI = 1.38--5.33, *p* = 0.005). Long‐term outcomes for patients whose treatment was escalated were not different from those for patients whose treatment was not escalated (see Supplementary Tables 8 and 9). Multivariate analysis that accounted for treatment at baseline, therapeutic escalation, and treatment tier (as a time‐dependent covariate during the course of the study), using a propensity score adjusted--model, did not reveal additional significant associations, interactions, or potential sources of confounding.

Discussion {#ana24747-sec-0021}
==========

Long‐term disability worsening was measured in a large, prospectively followed cohort of MS patients at a single tertiary referral center over a 10‐year period. Nearly half experienced no clinically significant disability worsening throughout the duration of the study, as measured by the global disability measure EDSS or in tests of walking (T25W), upper limb (9HPT), and cognitive (PASAT‐3) function. Reflecting a \"real‐life\" population of early MS patients, most individuals were actively treated. Escalation to higher potency therapies was a common occurrence during the course of the study. Although we did not find that treatment escalation reduced the risk of further disability progression, it is possible that active management with DMTs influenced the overall favorable outcomes. Patients experiencing clinical relapses or radiologic worsening were more likely to undergo treatment escalation. Nonetheless, clinically significant disability accrued in 59% of subjects, illustrating a remaining unmet need for more effective DMTs in RMS, and any effective therapy for progressive MS.

Earlier natural history studies found that up to 54% of RMS patients transitioned to SPMS after a median time of 19 years.[38](#ana24747-bib-0038){ref-type="ref"}, [39](#ana24747-bib-0039){ref-type="ref"}, [40](#ana24747-bib-0040){ref-type="ref"} With a median time of 16.8 years since disease onset, we would have anticipated that between 36% and 50% of the RMS patients would have developed SPMS, whereas only 11.3% of this cohort transitioned to SPMS during the course of the study. This transition rate of 1% annually is lower than reported from natural history studies but similar to a more recent retrospective analysis in an IFN‐treated population.[41](#ana24747-bib-0041){ref-type="ref"} Similarly, evolution of sustained disability in this cohort was slower than expected. At 16.8 years after onset, 10.7% (95% CI = 7.2--14%) of patients had reached an EDSS ≥ 6, whereas in some natural history studies 50% of the cohort had reached an EDSS = 6 by 15 to 16 years, albeit it with wide confidence intervals.[5](#ana24747-bib-0005){ref-type="ref"}, [42](#ana24747-bib-0042){ref-type="ref"}

We also assessed the predictive value of MRI metrics commonly measured in MS clinical trials over 2‐year intervals, and found no association between new T2 lesions or gadolinium‐DPTA--enhanced lesions and worse long‐term outcomes. Earlier reports suggested that 2 or more new gadolinium‐DPTA--enhanced lesions or new T2 lesions without any clinical correlate carry a negative prognostic value in actively treated MS patients.[43](#ana24747-bib-0043){ref-type="ref"}, [44](#ana24747-bib-0044){ref-type="ref"}, [45](#ana24747-bib-0045){ref-type="ref"} These conclusions are not supported by the present study. Attrition bias might have contributed to the earlier results, and we believe that the current study with follow‐up data available on \>91% of subjects is largely free from this confounder. Our observations are similar to those of the long‐term follow‐up study from the pivotal IFN beta‐1b study, a study also largely free of attrition bias,[46](#ana24747-bib-0046){ref-type="ref"} and a population‐based, contemporaneous study conducted in the treatment era.[47](#ana24747-bib-0047){ref-type="ref"} Our observations suggest that radiographic markers of focal inflammation (gadolinium‐DPTA--enhanced lesions or new or enlarging T2 lesions) may only carry short‐term associations with clinical events. However, the effectiveness of therapy may contribute to misclassification and/or reduction in predictive validity.

Similarly, an increase in the EDSS score over 2 years was not associated with worse long‐term prognosis. Thus, short‐term increases in EDSS do not necessarily predict future accumulation of disability in RMS patients over the longer term, a conclusion also reached in a pooled analysis of patients randomized to placebo arms in 31 clinical trials.[48](#ana24747-bib-0048){ref-type="ref"} Because neither clinical nor radiographic features over 2 years had predictive value, it is not surprising that the combined measure of these variables, NEDA, was also not associated with long‐term disability risk. Although this observation must be interpreted with caution because of the relatively small number of NEDA patients in our cohort, another recently published observational study also found that the proportion of patients meeting a NEDA definition declined substantially over time.[49](#ana24747-bib-0049){ref-type="ref"} These observations challenge the concept that NEDA represents remission. Although NEDA may be a useful measure for assessing relative therapeutic efficacy, many patients who meet NEDA criteria over 2 years go on to develop clinically significant disability. Worsening in patients who meet the 2‐year NEDA endpoint could result from active spinal cord disease not captured with brain MRI, progressive axonal or neuronal degeneration, or an escape from a true but transient remission state. A recent study that incorporated thresholds for acceptable brain volume loss for NEDA found that one‐third of NEDA patients treated with fingolimod still experienced significant brain volume loss during the NEDA interval, indicating that ongoing tissue injury occurs in NEDA patients.[50](#ana24747-bib-0050){ref-type="ref"}

It is possible that escalation to high‐potency therapy might have reduced disability that otherwise would have accrued in the RMS cohort, although we did not observe a favorable impact of escalation therapy itself on long‐term disability. More likely, an interval of 2 years is too short to have any significant long‐term predictive value. In this regard, we found that brain volume at baseline was predictive of long‐term PASAT‐3 performance yet the change in brain volume over 2 years was not. This suggests that measuring brain volume change over longer periods of time, perhaps 3 or 4 years, might have predictive value for long‐term cognitive function, a testable hypothesis. Some clinical outcomes, such as the T25W and 9HPT, are insensitive to change over a 2‐year interval, whereas change in other outcomes such as the EDSS is not predictive because of a well‐recognized inherent variability. Our study of 404 relapsing MS patients could also be underpowered to detect weak effects of these clinical measures on long‐term MS disability. Despite all these caveats, our observations call into question the prevailing assumption that commonly used clinical and MRI markers of MS activity as measured over the 2‐year duration of many MS clinical trials are a sufficient proxy for long‐term disability.

Two‐year observations also indicated that clinically silent MRI activity was not associated with worse outcomes over the long term, a finding consistent with results from a large meta‐analysis of placebo‐treated patients enrolled in MS clinical trials.[51](#ana24747-bib-0051){ref-type="ref"} These data argue that the common practice of obtaining routine surveillance MRI scans may have limited added value in the setting of otherwise quiescent MS.[52](#ana24747-bib-0052){ref-type="ref"} Our observations challenge the notion that one should use MRI in a treat‐to‐target paradigm. Newer MRI sequences, including spinal cord measures not routinely measured in clinical practice, might provide a more robust measure of disability risk. For example, cross‐sectional data demonstrated that EDSS is highly correlated with gray matter volume in the cervical and thoracic cord, independent of brain volume.[53](#ana24747-bib-0053){ref-type="ref"}, [54](#ana24747-bib-0054){ref-type="ref"}

The finding that levels of 25‐OH vitamin D measured during the first 2 years of the study were associated with new focal MS lesions as expected,[35](#ana24747-bib-0035){ref-type="ref"}, [36](#ana24747-bib-0036){ref-type="ref"} but not with long‐term disability, provides additional support for the conclusion that short‐term changes in MS disease activity do not necessarily associate with favorable long‐term outcomes.

Our data have limitations that must be acknowledged. This single‐center observation cohort design is fundamentally different from population‐based epidemiological studies. Unlike studies of MS natural history, all subjects in this study provided written informed consent and underwent a variety of a clinical, imaging, and biological assessments. Therefore, the participants in our study are inherently different in that they agreed to participate in research and therefore may experience a somewhat different evolution of their disease. Although the characteristics of the cohort are similar to those of participants in MS clinical trials, it is possible that this large group of subjects, recruited by multiple practitioners at a single center who interact with each other on a daily basis, might have been unintentionally biased toward enrolling individuals with a milder disease. This seems unlikely, for several reasons. Enrollment was encouraged for all interested patients in our clinics, and baseline characteristics of the EPIC subjects were identical to patients who chose not to participate in the study but received care at the UCSF MS Center during the recruitment period. Furthermore, during the course of the study, nearly all patients experienced active disease and PMS patients recruited during the same interval from the same patient pool relentlessly worsened as expected. Patients with tumefactive presentations, as well as patients with rapidly progressive MS, participated in this study. Several patients who had rapidly progressive MS, unfortunately, died from MS during the observation period. Thus, the population of MS patients from which this data set was drawn appears to be representative of MS patients receiving care, certainly at our institution, and could perhaps reflect a changing face of MS in general.

Another limitation is that the data set is only moderate in size, and that analysis of subgroups of interest could be limited by insufficient statistical power. Replication will be required before changes to current clinical practice can be recommended. Nine percent of subjects were lost to follow‐up, and although generally similar to those retained in the study, those lost to follow‐up had a shorter disease duration, had higher MSSS scores, and had a slightly higher annualized relapse rate (see Supplementary Table 3). These factors might contribute to disease worsening, resulting in informative censoring thereby biasing the retained cohort to have milder disease. A sensitivity analysis showed that the impact of those lost to follow‐up could have an influence on the median time to EDSS (shortened by 2 years) but not on the median time to SPMS. We therefore conclude that our observations regarding the evolution of major disability milestones and secondary progression cannot be solely accounted for by a bias introduced through informative censoring. A final potential source of confounding is the variable disease duration at the time of entry into the study. Although the duration of in‐study follow‐up was relatively uniform, subjects entered EPIC at different times with respect to the onset of MS (as is also the case for all MS clinical trials). Adjusting for disease duration only partially accounts for this source of possible exposure time bias.

There are several important implications of these data for management of patients with MS. First, treating to target with 2‐year NEDA as the goal may not result in protection against long‐term disability. Second, neurological disability appears to evolve more slowly than estimated from older natural history cohorts. The availability of DMTs and escalation to higher potency therapies might account, at least in part, for the clinically important lower rates of disability accumulation and evolution to SPMS observed here. However, more than half of RMS patients treated with platform therapies still worsen over a decade of observation irrespective of short‐term MRI or clinical changes. Thus, long‐term studies are urgently needed to determine if high‐intensity therapy, initiated at the time of diagnosis or used in patients with seemingly inactive disease, is superior to the escalation approach employed in this cohort.
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